
455

ISSN 0036-0244, Russian Journal of Physical Chemistry A, 2017, Vol. 91, No. 3, pp. 455–459. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © A.I. Krasnov, A.R. Latypova, O.V. Lefedova, N.Yu. Sharonov, 2017, published in Zhurnal Fizicheskoi Khimii, 2017, Vol. 91, No. 3, pp. 436–440.

Kinetics of the Hydrogenation of 2-Chloro-4-nitroaniline 
over Skeletal Nickel and Supported Palladium Catalysts 

in an Aqueous Solution of 2-Propanol
A. I. Krasnov*, A. R. Latypova, O. V. Lefedova, and N. Yu. Sharonov

Ivanovo State University of Chemistry and Technology, Ivanovo, 153000 Russia
*e-mail: physchem@isuct.ru

Received April 4, 2016

Abstract—The kinetics of the liquid-phase hydrogenation of 2-chloro-4-nitroaniline in an aqueous solution
of 2-propanol over skeletal nickel and supported palladium catalysts is studied. The selectivity of the reaction
with respect to 2-chloro-1,4-phenylenediamine is determined. It is found that samples of supported palla-
dium catalysts differ with respect to the amount of the active component and the nature of the support. Some
of their structural characteristics are provided.
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INTRODUCTION
Kinetic studies of the hydrogenation reactions of

organic compounds containing various unsaturated
groups over transition metal catalysts are of scientific
and practical interest. The wide use of halogen-sub-
stituted aromatic amines in the production of pesti-
cides, herbicides, synthetic dyes and fibers, pharma-
ceutical products, and other substances ensures great
interest in their synthesis. Liquid-phase processes of
hydrogenation of substituted nitrobenzenes are con-
sidered the most efficient and economical technolo-
gies for preparing aromatic amines with various
structures [1–3].

The aims of this work were to study the effect the
nature of the active metal and its concentration on the
support have on the rate and selectivity of the hydro-
genation of 2-chloro-4-nitroaniline using kinetic
approach, and to identify the reasons for the effect the
active metal content and nature of the support have on
the above factors.

EXPERIMENTAL
A static method for conducting the hydrogenation

reaction in a closed system under a constant pressure
of hydrogen with the vigorous stirring of the liquid
phase was used to study the kinetics of the hydroge-
nation of 2-chloro-4-nitroaniline (CNA) over skele-
tal nickel and supported palladium catalysts. The
experimental setup ensured exclusion of the effect of
internal mass transfer on the observed rates of the

reactions and allowed us to determine them with a
high level of reliability. The procedure for the kinetic
experiment and a description of the experimental
unit were given in [4].

The skeletal nickel catalyst was obtained by treat-
ing a nickel–aluminum alloy with a 25% aqueous
solution of sodium hydroxide for 1 h at 273–278 K,
and for 4 h at 373 K according to the procedure in [4].
The treated catalyst was washed with distilled water
up to a negative reaction by phenolphthalein and
stored under a layer of water for no longer than one
day. The active catalyst had a specific surface area
and a porosity of 90 ± 2 m2/g and 0.5 ± 0.06 cm3/cm3

Ni, respectively [4]. The required amount of the cat-
alyst was weighed using a hydrostatic method with an
accuracy of no less than ±0.001 g. Prior to loading
the catalyst into the reactor, active skeletal nickel was
carefully rinsed with a solvent with the corresponding
composition.

Supported palladium catalysts were prepared by
impregnating the support with a solution of palladium
chloride according to the procedure in [3]. ARD acti-
vated carbon and barium sulfate were used as the sup-
port. Samples with concentrations of the active com-
ponent of 10, 0.8, and 0.5 on carbon and 5% on
BaSO4%, respectively, were obtained.

An aqueous solution of 2-propanol with an azeo-
tropic composition (х2 = 0.68 molar parts, 100 cm3)
was used as the solvent. The amount of skeletal nickel
was 0.5 ± 0.001 g; the amount of 10% Pd/C, ∼0.3 ±
0.001 g; and the amount of the initial CNA, 5.70 ±
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0.03 mmol. During the experiment, the volumes of
absorbed hydrogen were determined by means of vol-
umetry, while the concentrations of the initial com-
pounds and reaction products, 2-chloro-1,4-phenyl-
enediamine (CPDA) and 1,4-phenylenediamine
(PDA), were calculated using spectrophotometric
data. A LEKISS 2110 UV scanning spectrophotometer
was used to analyze the initial compound and reaction
products. The sensitivity of our method was no lower
than 10–2 mmol.

The values of the initial rates and rate constants of
the absorption of hydrogen , the formation of
CPDA and PDA, and the transformation of CPDA at
high degrees of conversion of the initial CNA were
used as the main kinetic characteristics of the reaction
under study. Statistical analysis of the experimental
results showed that the errors in determining the rates
did not exceed 10%. In determining the current con-
centrations of CNA, CPDA, and PDA, the accuracy
was 5%, and in determining the rate constants, it was
15% of the measured quantity. Each experiment was
repeated at least three times in order to obtain conver-
gent results.

The kinetic features of the hydrogenation of CNA
over skeletal nickel and supported palladium catalysts
in an aqueous solution of 2-propanol with the azeo-
tropic composition (х2 = 0.68 molar parts) were stud-
ied. Figure 1 shows the curves of the absorption of
hydrogen over time, which were subsequently used in
calculating the rates of the absorption of hydrogen and
the observed rate constants of the reaction. The
kinetic curves with respect to hydrogen are provided
with allowance for the stoichiometry of the reaction:
3 mol Н2/mol CNA, based on the transformation of

2

0
Hr

the nitro group into the amine group. Processing the
obtained dependences within linear coordinates con-
firmed the retention of the zero order of the reaction
with respect to hydrogen in all cases.

Concentration curves that illustrate the change in
the amounts of all participants during the hydrogena-
tion of CNA over time are presented in Figs. 2 and 3.
The shape of the obtained dependences shows that the
transformation of CNA can proceed in a sequential
network of transformations, in agreement with the
data of [5]. In the case of supported palladium cata-
lysts with low active metal contents compared to skel-
etal nickel, a sharp decrease in the concentration of
CPDA accompanied by a growth in PDA is observed
at high degrees of the conversion of initial CNA. In
contrast, a rise in the concentration of PDA is
observed right from the onset of the reaction in the
case of the 10% Pd/C and especially the 5% Pd/BaSO4
catalysts.

RESULTS AND DISCUSSION
According to the dependences presented in Fig. 1

and the calculated values of the rate constants of the
hydrogenation of CNA, the catalysts used in this work
can be ranged as follows with respect to their catalytic
activity: 5% Pd/BaSO4 > 10% Pd/C > Niskel > 0.8%
Pd/C > 0.5% Pd/C. The first two points were not
used in calculating the rate of the transformation of
CNA, since the loss of CNA from the solution at the
onset of the reaction was determined not only by the
interaction with hydrogen but also to a great extent
by the adsorption of the initial compound. The
increase in the observed rate constants of the trans-
formation of the nitro group for the series of sup-
ported palladium catalysts could be due to the rise
in the number of active centers on the surface of the
catalysts in the case of increasing dispersion of
metal particles (DPd) and specific surface area of the
catalyst Ssp (table).

Skeletal nickel has a fundamentally different
structure, so the amount of the active phase in skel-
etal nickel is substantially higher at a relatively lower
surface area, compared to supported palladium cat-
alysts. We should also remember that the presence
of weakly bound molecular and strongly bound
atomic forms of adsorbed hydrogen is characteristic
of skeletal nickel, while the surface of supported
palladium catalysts is more energetically uniform as
a result of the high concentration of dissolved
hydrogen [6].

The ratio of the amounts of initial CNA and the
catalyst was selected so as to exclude the nonreversible
oxidation of the surface and minimize the contribu-
tion from the diffusion resistance with respect to
hydrogen to the total rate of the reaction [7]. With
skeletal nickel and low-percentage palladium catalysts
(Fig. 2), the amounts of absorbed hydrogen and

Fig. 1. Curves of the absorption of hydrogen in the hydro-
genation of CNA in an aqueous solution of 2-propanol
over different samples of catalysts; T = 298 K, 1 ± 0.03 g of
CNA, and 1 ± 0.03 g of the catalyst. 
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Fig. 2. Concentration curves of the hydrogenation of
2-CNA over (а) skeletal nickel, (b) 0.8% Pd/C, and (c)
0.5% Pd/C in an aqueous solution of 2-propanol
(0.68 molar parts); T = 298 K. 
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Fig. 3. Concentration curves of the hydrogenation of 2-
CNA over (a) 10% Pd/C and (b) 5% Pd/BaSO4 in an
aqueous solution of 2-propanol (0.68 molar parts); T =
298 K. 
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formed CPDA are the same or differ within the limits

of the error in the time range of 0 to 250 s. This is

because CNA is selectively reduced to CPDA at the

onset of the reaction, since no PDA or other interme-

diate products are registered in the reaction mixture.

The maximum discrepancy between the initial

amount of CNA and registered products corresponds

to 125 s from the onset of the reaction for Pd/BaSO4

and skeletal nickel, 175 s for 10% Pd/C, and 250 s for

0.8 and 0.5% Pd/C. Analysis of the material balances

showed that under our reaction conditions, the

amount of adsorbed substance was 2.8–3 mmol for

low-percentage palladium catalysts and skeletal

nickel. For the samples of 10% Pd/C and 5%

Pd/BaSO4 catalysts, this value was around three

times lower (1.0–1.3 mmol). It is characteristic that

for these catalysts, the shapes of kinetic curves

ref lecting the change in the amounts of CNA and

PDA during the reaction also change substantially.

The CNA content thus remains quite high for a long

period of time (Fig. 3), while the amounts of formed

PDA are consistently registered right from the onset

of the reaction.
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A sharper rise in the amounts of PDA is observed
after reaching the maximum amount of CPDA for all
samples of the catalysts we used. However, while the
degree of conversion of CNA is 1 by this time for low-
percentage catalysts and skeletal nickel (Fig. 1), the
reaction is still far from complete for, e.g., 10% Pd/C
(the degree of conversion is 0.83). Changes in the
shape of kinetic curves (see Figs. 2 and 3) could indi-
cate an increase in the rate constant of the hydrogena-
tion of CNA and a rise in the rate constant of the deha-
logenation of CPDA upon moving to high-percentage
palladium catalysts and/or replacing the support
during their preparation.

Processing the sections of kinetic curves that corre-
spond to the decrease in CPDA amounts, and corre-
sponding sections where PDA amounts increase (the
final section of the curve, КPDA table) for all our cata-

lysts showed that in the case of low-percentage cata-
lysts with the palladium contents of 0.8 and 0.5%, the
rates of the dehalogenation of CPDA and formation of
PDA were close. In the case of high-percentage cata-
lysts (10% and especially 5% Pd/BaSO4), the rates of

the formation of PDA exceeded those of the dehaloge-
nation of CPDA (table). We may assume that in the
case of 10% Pd/C and 5% Pd/BaSO4, dechlorination

is already possible at the stage of the adsorption of the
initial CNA or the formation of chloro-substituted
intermediate products. The rate of the transformation
of CNA thus slows even at high contents of the active
metal in the catalyst (Fig. 3). Using barium sulfate as
the support instead of carbon could also promote
dichlorination, due possibly to an increase in the
active hydrogen content as a result of the nature of the
support.

The obtained values of rate constants (kabs.Н2,

ktransf.CNA, kform.CPDA, kform.PDA) and the value of the

maximum selectivity of the reaction with respect to

CPDA (SCPDA) allow us to arrange the catalysts used in

this work as follows:

Based on an analysis of the obtained data, we can

say that the ratio of the rates of individual stages in the

sequential network of transformations of CNA is

determined not only by the nature of the active com-

ponent but also by the structural characteristics of the

catalyst. To achieve high indices of selectivity with

respect to CPDA, it is better to use catalysts with low

activity; with supported catalysts, this can be solved by

reducing the content of active metal while increasing

the dispersity and selecting a suitable support.

CONCLUSIONS

There is a logical association between the structural

and physicochemical characteristics of our catalysts

and the kinetic features of the hydrogenation of CNA,

demonstrating the need for and importance of con-

ducting systematic studies to gain a reliable idea of the

causes and nature of such interrelations. There are

grounds for assuming that the indices of selectivity of

nickel and supported palladium catalysts could be

Ktransf.CNA: Niskel > 0.5% Pd/C ≈ 0.8% Pd/C > 10%

Pd/C ≈ 5% Pd/BaSO4

Kform.CPDA: Niskel > 5% Pd/BaSO4 > 10% Pd/C > 0.8% 

Pd/C ≈ 0.5% Pd/C

Kform.PDA: 5% Pd/BaSO4 > 10% Pd/C > 0.8%

Pd/C ≈ 0.5% Pd/C > Niskel

: 5% Pd/BaSO4 > 10% Pd/C > Niskel > 0.8% 

Pd/C ≈ 0.5% Pd/C

SCPDA, %: Niskel > 0.5% Pd/C ≈ 0.8% Pd/C > 10%

Pd/C > 5% Pd/BaSO4

2abs.HK

Kinetic characteristics of the reaction and values of some physicochemical properties of the catalysts

Characteristic 10% Pd/C 5% Pd/BaSО4 0.8% Pd/C 0.5% Pd/C Niskel

kCNA × 106, 1/(s g) 0.11 0.15 0.22 0.20 0.31

kCPDA × 106, mol/(s g) 29.7 40.6 17.8 18.0 41.6

KPDA × 106, mol/(s g) (initial

section of the curve)

4.6 6.1 <0.5 <0.6 <0.02

KPDA × 106, mol/(s g) (final

section of the curve)

3.7 13.7 2.1 2.8 0.2

 × 106, mol/(s g) 64.0 102.2 33.5 28.8 41.6

Ssp, m2/g 462 616 1108 924 90 ± 2

DPd 0.09 0.12 0.21 0.18 –

SCPDA, % 73 ± 2 62 ± 2 76 ± 2 89 ± 2 93 ± 2

2Hk
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close when successfully selecting their structural and
physicochemical characteristics.
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